its full activation, Zap70 must also be phosphorylated by Lck to relieve its autoinhibition and to activate its catalytic activity, because Zap70 cannot be activated by transautophosphorylation [12] [13] [14] .
Thus, recruitment and activation of Zap70 are absolutely reliant on Lck catalytic activity 14 . Moreover, the binding of the Lck SH2 domain to phospho-Y319 in interdomain B of Zap70 may sustain Lck localization, its open active conformation, and the catalytic activities of both kinases, thereby providing positive feedback 6, 15, 16 . However, despite their colocalization, the two kinases have mutually exclusive preferences for their substrates 14, 17 . Lck cannot phosphorylate the substrates of Zap70, namely the adaptors LAT and SLP76. Zap70 phosphorylates LAT and SLP76 on multiple tyrosines, thereby forming effective signaling complexes. LAT has four major tyrosine-phosphorylation sites that serve as docking sites for the SH2 domains of downstream signaling effectors. The assembly of LAT-based signalosomes is essential to amplify TCR-induced signals that result in calcium mobilization, mitogen-activated proteinkinase activation, and actin polymerization 18 .
Although many mechanisms prevent premature and inappropriate LAT phosphorylation, T cells must ensure rapid and specific LAT phosphorylation after agonist-pMHC stimulation of the TCR 18 . However, the prompt and specific phosphorylation of LAT after agonist-pMHC stimulation of the TCR presents a hurdle, considering that LAT is not known to directly associate with the TCR, where Zap70 is localized. Stimulated and activated Zap70 has been suggested to be induced to dissociate and diffuse away from the engaged TCR before the activated kinase encounters LAT 19 . However, such a mechanism could potentially decouple Zap70 activity from the TCR-recognition event and lead to inappropriate downstream signaling and amplification or premature termination of Zap70 activity via phosphatases or ubiquitin ligases 20, 21 . Thus, the The PIPRSP motif in LAT facilitates LAT phosphorylation. The enrichment of prolines in the deleted segments of LAT suggested functional importance but may be explained by two hypotheses.
First, perhaps through yet-unknown structural properties of LAT, the proline-enriched segment in LAT may provide a minimal distance from the plasma membrane necessary for TCR-induced phosphorylation of its more C-terminal tyrosines. Alternatively, proline-enriched peptides may have important roles in intracellular signaling through their ability to interact in a sequence-specific context, for instance with SH3 domains 22 . Thus, the proline-rich region in LAT may interact with an SH3-containing protein that facilitates the ability of LAT to interact with Zap70, to relocate to engaged TCR complexes, or to assemble LAT clusters that might promote LAT phosphorylation. To distinguish among these possibilities, we explored the Eukaryotic Linear Motif resource to identify potential functional SH3-domain-binding sites in the membrane-proximal segment of LAT 23 . There were three potential proline-rich motifs in LAT predicted to interact with SH3 domains (Fig. 2a ). Using CRISPR-Cas9, we generated a LAT-deficient Jurkat clone (J.LAT; Supplementary Fig. 2c,d ) and reconstituted these cells with cDNAs encoding wild-type LAT or mutant LATs in which these three proline-enriched motifs had proline-to-alanine substitutions ( Fig. 2a ). Alanine mutations at the most evolutionarily conserved C-terminal PIPRSP motif markedly abrogated the ability to reconstitute a substantial calcium increase after anti-CD3 stimulation ( Fig. 2b,c) . Cells expressing the mutant AIARSA motif exhibited impaired TCR-induced phosphorylation of LAT at both Y132 and Y191 residues and diminished phosphorylation of PLC-γ 1, whereas the other more N-terminal mutant motifs (AWAA or AAYAA) did not substantially impair the tyrosine phosphorylation of these signaling proteins (Fig. 2d ). The AIARSA mutation consistently impaired TCR-induced phosphorylation of LAT and PLC-γ 1 over a wide range of titrated CD3 stimuli ( Supplementary Fig. 3a ). Interestingly, in time-course experiments, the responses of cells expressing the AIARSA mutant motif eventually caught up to the responses observed with wild-type LAT ( Supplementary Fig. 3b ). Because these site-directed-mutagenesis experiments preserved the length of mutant LAT, the PIPRSP motif in LAT is likely to interact with other signaling molecules and promote LAT phosphorylation, thus preluding the possibility that the proline-rich region might function only as a structural spacer.
Thymic selection signals require the PIPRSP motif in LAT. To further examine the functional importance of the PIPRSP motif in LAT, we used a mouse model to explore whether primary mouse T lineage cells also rely on the PIPRSP-motif-containing LAT for pre-TCR and TCR signal transduction during thymocyte development. During thymic development, immature thymocytes require pre-TCR and TCR signals of appropriate strength to pass beta selection (mediated by the pre-TCR) and positive/negative selection (mediated by the mature TCR) 24, 25 . LAT-deficient mice exhibit a severe developmental block at the beta-selection stage, which results from the inability of immature CD4 -CD8double-negative (DN) thymocytes that express the pre-TCR to transmit signals necessary for downstream translational and transcriptional programs required for proliferation and differentiation 26, 27 . Thus, LAT-deficient mice provided a useful model to evaluate the functional ability of a PIPRSP-motif-mutant LAT in vivo to restore LAT function during development. We transduced CD45.2 + Sca-1 + c-Kit + LAT-deficient hematopoietic stem cells with lentiviruses expressing either wildtype LAT-P2A-mCherry or the mutant AIARSA LAT-P2A-mCherry. The mCherry was produced through the self-cleaving P2A peptide downstream of LAT, thus allowing us to identify cells expressing wild-type or mutant LAT (Fig. 3a) . The comparable mean fluorescence intensities of mCherry expression, together with the results of our studies of this mutant in the Jurkat line ( Supplementary Fig.  3 ), suggested that the expression of the wild-type and AIARSA LAT was similar ( Fig. 3a ). After 6-8 weeks, the expression of wild-type LAT successfully rescued the LAT-deficient thymocytes from the
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LAT-deficient developmental block ( Fig. 3b ), whereas untransduced donor hematopoietic stem cells (mCherry-negative cells) remained blocked at the DN stage (data not shown). Thymocytes expressing wild-type LAT completed beta and positive selection, and matured into single-positive CD4 + or CD8 + (CD4SP or CD8SP) thymocytes ( Fig. 3b-d and Supplementary Fig. 4a ). In marked contrast, the expression of the mutant AIARSA LAT allowed only some DN immature thymocytes to pass beta selection and become DP cells, albeit inefficiently, thus resulting in relative accumulation of DN cells. Analysis of AIARSA-expressing DN subpopulations revealed a significant decrease in the DN4 stage and a concomitant increase in the DN3 stage, thus suggesting a partial block in the DN3-to-DN4 transition in which beta selection takes place (Fig. 3e,f and Supplementary Fig. 4b ). The lack of the proline-rich motif in LAT also decreased positive selection, as evidenced by a significant twofold decrease in the CD4SP thymocyte population and a similar loss in CD24 -TCR + mature CD8SP populations ( Fig. 3b-d ).
During the positive-selection process, immature thymocytes upregulate expression of TCR and CD69, becoming TCR hi and CD69 + . In cells expressing the AIARSA-mutant LAT, an approximate threefold decrease in TCR hi CD69 + DP cells was observed (Fig. 3g,h and Supplementary Fig. 4c ).
When DP thymocytes were stimulated by cross-linking anti-CD3 monoclonal antibodies (mAbs), cells expressing the AIARSA LAT mutant exhibited a markedly reduced calcium response ( Fig. 4a ) and impaired induction of Erk phosphorylation (Fig. 4b ). Expression of CD5 can also be used as a proxy for TCR signal strength during thymic development. Despite similar TCR surface expression, CD4SP and CD8SP cells expressing the AIARSA LAT mutant had substantially lower CD5 protein expression ( Fig. 4c ), thereby supporting the notion that the AIARSA LAT mutant transduces weaker downstream signals. Thus, the absence of the PIPRSP motif in LAT led to partial developmental blocks at beta and positive selection, presumably because of the inefficient LAT-dependent signal transduction. These data establish the importance of the PIPRSP prolinerich motif of LAT in T cell lineage development in vivo.
In peripheral lymphoid tissues, we did not observe significant differences in the frequencies of CD4 + or CD8 + T cell populations in AIARSA versus wild-type LAT-expressing bone marrow chimeras ( Supplementary Fig. 5a ). However, the expression of AIARSA consistently resulted in lower CD5 expression in peripheral CD4 + and CD8 + T cells, as was seen in thymocytes, although to a lesser extent ( Supplementary Fig. 5b ). In AIARSA-LAT-expressing CD4 + and CD8 + T cells, compared with the wild-type LAT-expressing T Articles NATURE ImmUNoLogy cells, the CD44 hi CD62L lo memory-like population was considerably enlarged ( Supplementary Fig. 5c,d) . The enlarged memorylike population may be a consequence of increased peripheral homeostatic proliferation in the AIARSA-LAT-expressing bone marrow chimeras. Thus, the mutations in the PIPRSP motif in LAT impaired thymic selection and led to fewer CD4SP and CD8SP cells developed in the thymus, and may have contributed to lymphopenia-induced T cell proliferation in the periphery.
Lck associates with LAT in a PIPRSP-motif-dependent manner.
Our data demonstrate the importance of the PIPRSP motif in LAT in TCR signal transduction. The absence of the PIPRSP motif impaired the tyrosine phosphorylation of LAT itself and the activity of downstream signaling pathways important for T cell function and development. To explore the potential mechanism underlying this phenotype, we evaluated the role of the PIPRSP motif in mediating protein interactions with LAT. We stimulated the TCR on Jurkat cells expressing wild-type or AIARSA LAT proteins containing C-terminal Myc epitope tags, isolated LAT and its interacting proteins by immunoprecipitation, and used mass spectrometry to analyze the profiles of LAT-associated proteins. Mass spectrometry identified many proteins that were differentially represented in wild-type and AIARSA LAT-associated interactomes (Supplementary Table 2 ). Unexpectedly, only ten of these proteins contained SH3 domains ( Supplementary Table 3 ). Among these, Lck was noteworthy because of the abundance of its peptides and because it exhibited a differential capability of interacting with the proline-rich PIPRSP motif ( Supplementary Fig. 6a ). A previous study of the importance of the SH3 domain of Lck in downstream TCR signaling was of particular interest 28 . That study has shown that when a mutation at Trp97, which disrupts the function of the Lck SH3 domain, is introduced into mice, the mutation results in a significant decrease in beta selection and positive selection in thymocytes as well as reduced tyrosine phosphorylation of LAT, PLC-γ 1, and Erk 28 . Consistent with our study, the phosphorylation of Zap70 and SLP76 was unperturbed 28 . These results are concordant with our findings with the AIARSA LAT mutant. Moreover, immunoblot analysis of LAT immunoprecipitates from TCR-stimulated cells further demonstrated that Lck inducibly associated with wild-type LAT to a greater degree than AIARISA-mutant LAT ( Supplementary Fig. 6b ). Together, our results suggested that Lck is an SH3-containing protein that interacts with LAT's PIPRSP motif and may mediate a functionally important interaction. 
Tubulin ( LAT cells that were reconstituted with wild-type or mutant AWAA, AAYAA, or AIARSA LAT, and were left unstimulated or were treated with 0.5 µ g/ml anti-CD3 for 2 min. Data are representative of three experiments. Numbers to the right of cropped blots indicate the mobilities of molecular-mass-marker proteins (kDa). Tubulin, loading control.
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Lck bridges LAT and Zap70, thus enhancing LAT phosphorylation. Given the concordance of our results with the AIARSAmutant LAT and findings from previous studies on the inactivation of the Lck SH3 domain, we hypothesized a mechanism to explain the role of the proline-rich PIPRSP motif in LAT for TCR signal transduction ( Supplementary Fig. 6c ). In our model, after TCR Articles NATURE ImmUNoLogy engagement, Lck may play multiple roles on the basis of both its catalytic and noncatalytic biochemical activities. First, in response to co-receptor-pMHC-TCR engagement, Lck has its well-established function as the protein tyrosine kinase that phosphorylates ITAM motifs in CD3 and ζ -chains, and consequently leads to Zap70 recruitment. Second, it activates Zap70 by tyrosine phosphorylation. Third, Lck operates as a scaffold protein that stabilizes the active form of Zap70 through the previously described interaction between its SH2 domain with phospho-Y319 in Zap70, thereby also maintaining Lck in its open active conformation. Fourth, as described here, the SH3 domain of Lck binds the PIPRSP motif of LAT. Thus, through the latter two functions, Lck might act as a bridging molecule facilitating the interaction of Zap70 with LAT and promoting LAT phosphorylation.
To test this potential bridging function of Lck, we expressed Lck, LAT, and Zap70 in a heterologous cell system. Human embryonic kidney 293 (HEK293) cells, which do not express Lck, Zap70, or LAT, were used to study the mechanism of the putative interactions and functional consequences, i.e., LAT phosphorylation. To separate the dual roles of Lck, we used a kinase-inactive form of Lck (with the K273R mutation in the catalytic domain) that can function only as a scaffold protein ( Supplementary Fig. 7a ). We also took advantage of a recently identified mutation in Zap70, K362E, which disrupts autoinhibition and results in a weak activating effect of Zap70 catalytic activity ( Supplementary Fig. 7a ). To test our hypothesis, we expressed Lck K273R and Zap70 K362E with either wild-type or mutant AIARSA LAT in HEK 293 cells, and examined the phosphorylation of two tyrosines on LAT: Y132 and Y191 ( Supplementary Fig. 7b ). We titrated the transfection ratio of Zap70 and LAT, and identified a dose range in which the weakly activated Zap70 displayed minimal phosphorylation of LAT. In the presence of the catalytically inactive Lck K273R , the phosphorylation of LAT Y132 and Y191 residues by Zap70 K362E considerably increased (Fig. 5a ). Notably, the increased phosphorylation of LAT was highly dependent on its PIPRSP motif, because the proline-to-alanine mutations impaired the phosphorylation of LAT (Fig. 5a ). In addition to the PIPRSP motif in LAT, the binding functions of both the SH3 and SH2 domains of catalytically inactive Lck were crucial for enhancing the phosphorylation of LAT (Fig. 5b ). Inactivating point mutations in either the SH3 or the SH2 domain of catalytically inactive Lck diminished the phosphorylation of LAT. Thus, Lck's SH3 domain (which binds the PIPRSP proline-rich motif of LAT) and SH2 domain (which binds phospho-Y319 in interdomain B of Zap70 (ref. 15 )) together potentially facilitate the formation of a transient LAT-Lck-Zap70 complex. Interestingly, the catalytically inactive Src family kinase Fyn K299R , also expressed in T cells, did not exhibit a similar enhancing effect on the phosphorylation of LAT (Fig. 5b ). Although Fyn is structurally similar to Lck, having SH3 and SH2 domains, the binding specificities of these domains differ between Fyn and Lck 29 . Thus, the interaction between the SH3 domain of Lck and the PIPRSP motif of LAT exhibits a degree of specificity. These results support our hypothesis that after T cell stimulation, Lck's interaction with the PIPRSP motif of LAT may facilitate Zap70's phosphorylation of LAT.
The PIPRSP motif promotes localization of LAT to pMHC-TCR.
To explore the possibility that TCR stimulation by agonist pMHC might trigger the relocalization of LAT to engaged TCR complexes during antigen recognition, we took advantage of engineered Jurkat cells that express the mouse OT-I TCR and human CD8, and either do or do not express human Lck (J.OT-I.hCD8.Lck KO or J.OT-I. hCD8.Lck-FLAG, respectively). The coexpression of human CD8 facilitates the interaction of mouse OT-I TCR with mouse MHCI H-2K b ( Supplementary Fig. 8a,b) , with comparable affinity to that of mouse CD8 (ref. 30 ). We stimulated each of these cell lines with H-2K b OVA MHC class I tetramers and used anti-ζ -chain mAbs to immunoprecipitate proteins associated with engaged co-receptor-TCR complexes. First, the use of the Lck-deficient line demonstrated a requirement for Lck in inducible phosphorylation of the ζ -chain and associated proteins. In cells expressing Lck, H-2K b OVA 
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tetramers induced signaling, as evidenced by ζ -chain phosphorylation and the induction of interacting phosphoproteins (Fig. 6a) . We observed TCR-stimulation-induced association of Zap70 and Lck with the ζ -chain immunoprecipitates (Fig. 6a ). Moreover, we detected an increase in phospho-LAT in these ζ -chain immunoprecipitates. These data are consistent with LAT relocalization to the stimulated TCR complexes, where activated Zap70 and Lck both are localized. With mouse OT-II CD4 + T cells, we also observed similar results (Fig. 6b ). Furthermore, we used CRISPR-Cas9 to generate LAT-deficient J.OT-I.hCD8.Lck-FLAG Jurkat variants and then reconstituted cells with either wild-type or AIARSA-mutant LAT. After H-2K b OVA tetramer stimulation followed by ζ -chain immunoprecipitation, wild-type LAT, but not AIARSA LAT, associated with the ζ -chain (Fig. 6c ). These results are consistent with our working model in which the PIPRSP motif of LAT may contribute to relocalization of LAT to engaged TCR complexes.
Discussion
Our study revealed a mechanistic explanation for how Zap70 phosphorylates one of its key substrates, LAT. This process is mediated by an unanticipated scaffolding function of Lck, a kinase whose catalytic activity is critical to many events in the initiation of TCR signaling. In our model ( Supplementary Fig. 6c ), every structural feature of Lck is specifically accommodated in TCR's recognition of agonist pMHC. First, the acylation sites of Lck provide membrane anchorage. Second, the cysteine-rich motif within its unique domain allows for its linkage to CD4 or CD8 co-receptors. Third, the kinase domain promotes the phosphorylation of ITAMs and Zap70, thus leading to the eventual catalytic activation of Zap70. The Lck SH2 domain, which can interact with Y505 and consequently promote autoinhibition, can also bind phospho-Y319 in Zap70 and consequently maintain the open and active state of both Zap70 and Lck during TCR signaling. The Lck SH3 domain not only participates in its autoinhibition but, as shown here, also provides a unique link to the proline-rich motif in LAT, thereby recruiting activated Zap70 to LAT. Accommodating every structural feature of an SFK in a single cellular process is rare and suggests that Lck has uniquely evolved to serve these functions in TCR recognition and signaling. Because Lck is associated with co-receptors, which are involved in the recognition of pMHC, our model suggests that Zap70 and LAT are linked to TCR recognition of pMHC through Lck's ability to function both as a kinase and as a bridging scaffold that orchestrates efficient TCR signaling.
The segment of LAT that links its transmembrane segment to key tyrosines had no previously identified function. We found that the evolutionarily conserved segment contained one key functionally important proline-rich motif, PIPRSP. Mutation of this motif partially impeded TCR signaling and calcium responses. This PIPRSP motif supported efficient T cell development and function, as evidenced by bone marrow chimera studies. LAT is a major TCR signaling hub that coordinates many signaling effectors; thus, the role of the PIPRSP motif in facilitating LAT phosphorylation contributes to a pivotal event in TCR signal transduction.
The T cell developmental and functional deficiency resulting from the expression of proline-motif-mutant LAT was remarkably consistent with the results from a previously published study showing that an inactivating SH3-domain mutant of Lck (Lck W97A ) impedes thymocyte development, as a result of partial blocks in beta and positive selection 28 . Although similar numbers of peripheral T cells were reported in Lck W97A mice and wild-type mice, the mutant cells were functionally impaired, as evidenced by diminished LAT and PLCγ 1 phosphorylation 31 . These results are consistent with ours and support our proposed interaction between Lck and LAT during the initiation phase of TCR signal transduction. Notably, SLP76 was normally phosphorylated in both studies and may reflect the role of other adaptor proteins, such as CD6 (ref. 32 ).
Thymocytes reconstituted with AIARSA-mutant LAT exhibited an impaired ability to transition across pre-TCR and TCR developmental checkpoints. However, T cells in the periphery exhibited some evidence of accumulation of effector memory cells. This result may reflect the effects of an altered repertoire being inefficiently selected in the setting of impaired TCR signaling, which also mirror findings from previous work on dysfunctional LAT mutants, such as LAT Y136F knock-in mice 33, 34 . T cells can use LAT-independent signaling pathways that promote the activation of Erk [35] [36] [37] [38] [39] [40] [41] [42] , thus potentially explaining why the AIARSA mutant in LAT had less of an effect on the phosphorylation of Erk.
Signaling by the TCR critically depends on the integrated functions of the Lck and Zap70 kinases. The Zap70 kinase uses its tandem SH2 domains to be recruited to the phosphorylated ITAMs of the stimulated TCR. Protein-interaction domains of cytoplasmic tyrosine kinases were thought to be responsible for their substrate specificity by conferring their colocalization to substrates. Recent studies of Zap70 suggest that the kinase domain alone is sufficient for substrate specificity 14 Supplementary Fig. 7) . Transient transfection of wild-type or AIARSA-mutant LAT, Zap70 K362E , and/or Lck K273R or Fyn K299R were performed in HEK 293 cells as indicated. Data are representative of at least three independent experiments. a, Immunoblot analysis of LAT phosphorylated on Y132 and Y191 in HEK293 cells reconstituted with wild-type or AIARSAmutant LAT, along with the presence of kinase-inactive Lck (K273R mutant) or control protein GFP, and weakly autoactivated Zap70 (K362E mutant). Data are representative of three experiments. b, Immunoblot analysis of phosphorylation of LAT in HEK 293 cells reconstituted with wild-type or AIARSAmutant LAT, Zap70 K362E , as well as Lck K273R or Fyn K299R with additional mutations in SH3 or SH2 domains, as indicated above the blots. Wt, kinase-inactive Lck or Fyn with functional SH3 and SH2 domains (Lck K273R or Fyn K299R ); mSH3, mutant SH3 domain (Lck W97A K274R or Fyn W119A K299R ); mSH2, mutant SH2 domain (Lck R154K K273R or Fyn R176A K299R ); mSH3+ 2, mutant SH3 and SH2 domain (Lck W97A R154K K274R ). Data are representative of three experiments.
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unclear. Recent imaging studies have suggested that activated Zap70 is inducibly released from ITAM motifs 19 . A mobile but membraneassociated active pool of Zap70 may diffuse to and possibly phosphorylate distant LAT molecules, thereby allowing multiple Zap70 molecules that transiently interact with the stimulated TCR to amplify signaling. Although our study clearly indicates that the LAT proline-rich motif is important for the efficient phosphorylation of LAT by Zap70, we cannot exclude the possibility that a TCRindependent complex of Zap70 and Lck, or Lck and LAT, might also exist distal from the pMHC-bound TCR. However, the proposed release of Zap70 uncouples its function from TCR recognition of agonist pMHC and does not offer a means of protection from inactivation by cellular phosphatases or ubiquitin ligases after release from the TCR, thus raising concerns regarding how Zap70 would remain active. Moreover, our biochemical data with pMHC-tetramer stimulation suggested that LAT was recruited to the pMHCstimulated TCR complex, which also contained Lck and Zap70. This result suggests that at least some LAT directly interacted with the stimulated TCR complex. Further work will be needed to assess the site at which Zap-70, Lck, and LAT form a functional signaling unit, and the stability as well as the longevity of these interactions. A recent report has also suggested that the potential interaction between Lck and LAT may fine-tune proximal TCR signaling 43 . Nonetheless, the evolutionarily conserved and functionally important proline-rich motif in LAT that we identified provides previously unappreciated insights into how components of the initially assembled TCR signaling machinery transduce information downstream via newly identified direct interactions. Corresponding author(s): Arthur Weiss Life Sciences Reporting Summary Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list items might not apply to an individual manuscript, but all fields must be completed for clarity.
For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist.
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Experimental design 1. Sample size
Describe how sample size was determined.
For cell line -related experiments, 5 x 10^6 cells per sample were used for immunoblot analysis, 3 x 10^8 cells per sample were used for mass spec analysis or immunoprecipitation experiments. Cell numbers were decided upon empirically, and each experiments were repeated at least three times. For bone marrow chimeras experiments, four mice per group in two independent experiments were performed. For in vivo bone marrow chimeras studies, sample size was chosen based on previous experience. Relevant data for accurate power calculation was unavailable. A sample size of 4 was sufficient to detect statistically significant differences between the experimental groups.
Data exclusions
Describe any data exclusions.
We did not exclude any sample (note -one bone marrow chimera recipient that received virus expressing WT LAT was dead in about ten days after injection).
Replication
Describe the measures taken to verify the reproducibility of the experimental findings.
The findings were reliably reproducible. Each set of experiments was repeated at least three times, and different experiments were designed to test the hypothesis from orthogonal perspectives. Regarding CRISPR/Cas9 generated cell lines, multiple clones were tested where possible. We obtained 12 J.LAT (LAT deficient) clones, and randomly chose two different J.LAT clones for reconstitution studies, and similar results were found with each. We also generated proline to alanine point mutation "knock in" clones into the endogenous LAT genomic allele using CRISPR Cas9 technology (data not shown). We obtained four cell clones having knock in mutations as designed, and two other clones had alternative mutations that disrupted the proline rich motif, and all of these cells showed similar phenotype as we observed in reconstitution studies. Even though the data were not shown to keep our report concise, the findings have been reproduced using different experiment designs.
Randomization
Describe how samples/organisms/participants were allocated into experimental groups.
Mice were randomized based on the HSC cells expressing WT LAT or mutant LAT.
Blinding
Describe whether the investigators were blinded to group allocation during data collection and/or analysis.
When taking down mice, harvesting organs, and acquiring the data, we gave a letter to mouse sample based on the ear tag, which was randomized when the experiment was set up. In calcium and p-ERK experiment, we harvested the thymocytes from bone marrow chimeras that expressed wild type LAT or AIARSA mutant LAT, bar-coded respectively, randomly mixed one WT sample with one AIARSA mutant sample in the same polystyrene tube, and utilized the flow cytometry to examine CD3-crosslinking calcium mobilization. The bar-coded experimental set up allowed us to examine WT and AIARSA samples under the same experimental conditions. Otherwise, no blinding was used. However, Internal negative controls were used to obtain unbiased data (for instance to set gate boundaries in flow cytometric analyses).
Note: all in vivo studies must report how sample size was determined and whether blinding and randomization were used.
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Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed). n/a Confirmed The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided Only common tests should be described solely by name; describe more complex techniques in the Methods section. For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for providing algorithms and software for publication provides further information on this topic.
Materials and reagents
Policy information about availability of materials
Materials availability
Indicate whether there are restrictions on availability of unique materials or if these materials are only available for distribution by a third party.
The LAT deficient mouse strain was a generous kind gift from L. Samelson and C. Sommers (NIH). OVA tetramers were obtained through NIH Tetramer Core Facility. Cell lines were generated in either the Weiss lab or in Stepanek lab. Remaining materials are commercially available as indicated in Materials and methods. Mass spectrometry data have been deposited in the ProteomeXchange Consortium repository via PRIDE (Username: reviewer21222@ebi.ac.uk and password: zI1qcJ3B). The primary data for analysis of all figures and supplementary figures are available upon request.
